Application of hydrological models for water resources management at large continental river basins is often limited by the scarcity of in situ meteorological forcing data. Remote sensing information provides an alternative to in situ data, with observations that are, in some cases, at higher spatial and temporal resolutions than those available from traditional ground sources. In this work, the water balance equation is solved using precipitation retrieved from Tropical Rainfall Measuring Mission, water storage from Gravity Recovery and Climate Experiment satellite data and ground discharge. C. Corbari
INTRODUCTION
Evapotranspiration (ET) is one of the main components of the water cycle and it is important in a wide range of applications from hydrology, to ecology, climate change and water resources management. Its quantification over large scales is a difficult task, in particular using distributed hydrological models which require a multitude of input information. However, these analyses are often limited by the scarcity of in situ meteorological forcing data in different regions of the world (Pan & Wood ) .
Nevertheless, in the last years there has been a wide diffusion of land surface models which compute mass and energy fluxes from regional to continental scales with reasonable results (Norman et al. ; Anderson et al. () used TRMM data for streamflow simulations in the Yangtze River basin, reporting good results at monthly scale.
Water storage can now be inferred from gravity changes from the Gravity Recovery and Climate Experiment satellite data (GRACE) (Swenson & Wahr ; Tapley et al. ) .
Discharge data can be retrieved from altimetry measurements, such as ERS-1 & 2, ENVISAT and Jason-1 (Birkett ; Frappart et al. ), even though two major problems should be raised: (1) only rivers with a sufficient width can be considered (approximately 350 meters) and (2) a poor temporal resolution is available with a range between 10 and 35 days, so that time series should be created from the interpolation of instantaneous measurements (Roux et al. ) .
Global estimates of ET are now becoming possible, even though the implemented models still require additional ground information (e.g., wind speed, radiation) (Su ; STUDY AREA AND DATA
Study area
The test area is the Upper Yangtze River basin in China closed at Yichang (30.66 N, 111.23 E) where the Three Gorges dam is located. The total area is about 1,005,500 km 2 ( Figure 1 ). The main river length is equal to 2,400 km with an average discharge of 13,242 m 3 s À1 and a mean annual precipitation of 800 mm concentrated during the monsoon period. This catchment drains a region characterised by 60% of mountains higher than 1,000 m a.s.l. and 40% of agricultural plain.
Satellite data

TRMM precipitation
The TMPA 3B42-RT product has been selected as satellite precipitation data (Huffman et al.  The monthly product at 0.05 W of spatial resolution will be used in this work (ET_MODIS).
Ground data
Precipitation
Meteorological data of rainfall are available from 1 January The core of the model is the system between energy and mass balance equations at the ground surface:
where SM (À) is the soil water content, ET (mm) is the ET, P (mm) is the precipitation rate, R (mm) is the runoff flux,
) is the sensible heat flux, LE (Wm À2 ) is the latent heat flux, dS/dt encloses the energy storage terms.
These equations are solved explicitly with respect to the representative equilibrium temperature of the pixel (RET) that is the land surface temperature which closes the energy balance.
In particular, ET is linked to the latent heat flux through the latent heat of vaporisation (λ) and the water density (ρ w ):
The latent heat flux is computed as:
where ρ a is the air density, γ is the psychometric constant 
METHODOLOGY
ET is estimated as the residual term of the water balance equation as:
where ET is evapotranspiration (mm day À1 ), P is precipitation which encloses rainfall and snowfall (mm day À1 ), Q is surface and subsurface discharge (mm day À1 ) and ΔS is the change of water storage where ground water, snow and glacier are all included (mm day
À1
).
Two different ET estimates are retrieved: (1) using as input ground precipitation data (ET_pluv) and (2) using as input satellite precipitation data (ET_TRMM).
Following the methodology proposed by Rodell et al.
(), the relative error for ET is then computed as:
where ε is the relative uncertainty computed for each component of the water cycle, while P, Q, ΔS are the mean values. This equation is applicable only if the errors of each single component are independent and normally distributed.
Comparison strategy
The ET estimates are computed at the spatial and temporal scales of GRACE observations, which are the more restrictive conditions. Thus the different information, satellite data and modelled outputs, are resampled to 0. Goodness of models and remote sensing estimates is evaluated through different statistical indexes: the mean bias error (MBE), the RMSE and the absolute error (ARE), which are computed as follows:
where X sim ith is the ith simulated variable by FEST-EWB, X obs ith is the ith measured variable, n the sample size and X obs the average observed variable.
The spatial variability of ET, water storage and precipitation is also investigated studying the mutual relationship between parameters' values in each pixel. The relationship between different pixel values at a defined distance is computed with the spatial autocorrelation function (AC):
where μ is the mean and σ 2 is the variance of the parameter (par) in stationary hypothesis, so that a stochastic process, whose joint probability distribution does not change in time or space, is considered. x 1 and x 2 are the generic positions at a fixed distance d. The autocorrelation function should be studied under isotropy hypothesis so that d is a function only of the distance between two points and not of the direction.
RESULTS
In the following paragraphs, the remotely sensed products of precipitation and water storage are compared with ground data and simulation outputs; as well, ET from the simplified procedure of the closure of water balance is compared to the distributed hydrological model results in order to understand whether this simple approach can be used when few ground data are available.
Precipitation
The comparison between monthly rainfall estimates from TRMM and from ground rain gauges is performed. In These results in agreement are confirmed from the statistical analyses, which are reported in Table 1 . ARE for period 1 is equal to 9.6% which is higher than for period 2 when ARE is 2.7%. In this winter period 2 , the measures both from ground and satellite are also influenced by the snowfall which increases errors variability, even though low precipitation occurs.
Water storage
Ground and surface water, soil moisture, snow and glacier all contribute to GRACE observations, but they cannot be separated. GRACE data have an absolute error of 25 mm between two subsequent observations which are needed to calculate the change in water storage (Tapley et al. ) .
In Figure 5 , A good spatial agreement between satellite and modelled water storage is highlighted in Figure 6 
Streamflow
In Figure 7 the comparison between observed and simulated monthly discharges is reported and a good agreement is shown. In particular, the mean difference is equal to 0.1 mm day À1 with a standard deviation of 0.4 mm day À1 ; while ARE is equal to 19% and RMSE to 0.41 mm day
À1
. A higher relative error is found during period 1 , when streamflow is significant, than during period 2 (Table 1) .
These errors are relatively small according also to the high uncertainty which affects ground river flow data. During the different months, the pairs of curves behave the same way confirming the ability of the two ET estimates to correctly reproduce the spatial variability.
According to Equation (6), the contribution of each component to the overall error in the ET residual estimates has also been analysed in order to understand how each term of the water budget influences the estimate of ET.
The overall error on ET_TRMM estimates for each month is computed and a mean value of error equal to 0.6 mm day À1 is found. If ε ET for ET_pluv is computed, a mean value of 0.4 mm day À1 is obtained.
DISCUSSION AND CONCLUSIONS
The present work analysed the possibility to estimate ET from ground and satellite data using the simple water bal- Of course, also the hydrological model, even if calibrated and validated, can include some errors in its parameterisation.
